INTRODUCTION
Concern for populations targeted by marine fisheries has increased in recent decades and has motivated the establishment of no-take marine reserves in coastal oceans worldwide (UNEP-WCMC 2008) . Marine reserves work by eliminating (or reducing) fishing mortality inside their borders, and numerous empirical studies have described reserve effects such as increased size, abundance and biomass of target organisms inside reserve borders (reviews by Côté et al. 2001 , Halpern 2003 , Lester et al. 2009 ). Reserve effects are often measured as average differences at sites inside versus outside single reserves, but dynamics of marine populations and the effects of marine reserves are probably subject to high spatial variability (MacCall 1990 , García-Charton & Pérez-Ruzafa 1999 , Prince 2005 , Stelzenmüller et al. 2007 .
ABSTRACT: Studies of marine reserves often describe mean differences in organism size or abundance inside versus outside reserves, but recent work indicates that these differences are influenced by habitat and proximity of sites to reserve borders. In this study, we measured mean effects of reserves and the influence of distance from reserve borders on the number and size of legal (≥82.5 mm carapace length [CL] ) California spiny lobster Panulirus interruptus trapped at sites across a reserve network at the Santa Barbara Channel Islands, California, USA. Additionally, we controlled for habitat variability across sites (1) by measuring relative abundance of sublegal adult lobsters (i.e. those not removed through fishing) and (2) through visual SCUBA surveys on which we quantified fine-scale habitat features. Traps placed in reserves yielded more (4.81 trap −1 ) and larger (7.03 mm CL) legal-sized lobsters than traps placed outside. Multiple linear regression revealed that 2.43 more legal lobsters per trap were captured for every 1 km moved from borders towards reserve centers. Additionally, lobsters tagged and released immediately inside reserve borders were recaptured in areas open to fishing at a higher rate than lobsters tagged and released farther inside reserves. These results suggest that abundance gradients inside reserve borders were caused by net emigration of lobsters (spillover). Sublegal lobsters were more abundant inside reserves and nearer to reserve centers, but these increases were much smaller in magnitude than for legal-sized lobsters. Our results indicate that the differences we observed for legalsized lobsters were driven primarily by reserve effects but were partially influenced by habitat heterogeneity.
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Identifying and controlling for drivers of spatial variability provides crucial information that improves predictions and assessments of reserve performance (Agardy et al. 2003 , Sale et al. 2005 . Two crucial drivers are habitat characteristics and the distance of sampling sites from reserve borders (Stelzenmüller et al. 2007 , Harmelin-Vivien et al. 2008 .
Theory suggests that reserve effects can vary as a function of distance from reserve borders because of the emigration of adult organisms from reserves (spillover). Spillover models predict gradients in relative abundance that peak near reserve centers, decline across borders into fished areas, and reach an asymptotic low value farther into fished areas (Kaunda-Arara & Rose 2004 , Hilborn et al. 2006 . This theoretical pattern is driven by 2 assumptions: (1) target organisms immediately inside reserve borders are more likely to exit marine reserves and experience fishing mortality than conspecifics farther inside the reserve, and (2) the amount of time that an individual spends outside reserves, and the consequent vulnerability to fishing, increases with distance from reserve borders. Empirical studies designed to test for gradients in abundance or catch rates (a proxy for abundance) across or near reserve borders offer mixed support for model predictions (Chapman & Kramer 1999 , Kaunda-Arara & Rose 2004 , Abesamis et al. 2006 , Goñi et al. 2006 , 2008 , and in many cases gradients are absent. The absence of gradients can be explained by factors other than lack of spillover, and these factors include concentrated fishing effort near borders (fishing the line) and high organism mobility (Goñi et al. 2006 , Abesamis et al. 2006 , Kellner et al. 2007 ). Another explanation is that heterogeneous habitat structure drives spatial patterns of abundance that alter or obscure spillover-driven gradients (Goñi et al. 2008 , Harmelin-Vivien et al. 2008 , Forcada et al. 2009 ).
Habitat structure can profoundly influence localscale demography (García-Charton & Pérez-Ruzafa 1999) and is an essential consideration for assessments of area-based management strategies. Although relatively few marine reserve studies control for habitat structure heterogeneity, those that do so indicate that habitat can influence reserve effects. For example, the density and mean size of 7 and 13 fish species, respectively, were initially found to be greater inside a Barbados reserve than in nearby fished areas (Rakitin & Kramer 1996) . Subsequently, the same reserve was studied in a manner that controlled for the influence of habitat heterogeneity, and the same species sampled by Rakitin & Kramer (1996) were not statistically larger or more abundant inside the reserve (Chapman & Kramer 1999) . Other studies indicate that fish assemblage characteristics (richness, diversity, abundance or biomass) are higher inside reserves but vary significantly across habitat types (Grigg 1994 , Friedlander et al. 2007 , Harmelin-Vivien et al. 2008 . Recent work in the Mediterranean Sea indicates that habitat heterogeneity near reserve borders modifies how spillover affects catch rates (Stelzenmüller et al. 2007 , Forcada et al. 2009 ). Reserve studies that consider the role of habitat typically focus on categorical definitions (e.g. seagrass meadows, rocky reef or sand), but smallscale structural features within a given habitat type can also influence organism abundance and/or reserve effects (Harmelin-Vivien et al. 2008) . Despite this evidence, few studies measure specific habitat structural features within habitat types at sampling sites; consequently, there is a need for empirical studies that describe and control for fine-scale habitat features when exploring both the mean effects of reserves (i.e. differences at sites categorically inside versus outside) and the spatial extent of reserve effects.
Here we report the mean effects of reserves and the influence of distance from reserve borders on the number and size of California spiny lobster Panulirus interruptus trapped at sites across a reserve network at the Santa Barbara Channel Islands (SBCI), California, USA. Kay et al. (2008 Kay et al. ( , 2012 report increased trap yield, mean size and a greater proportion of individuals in larger size classes inside versus outside reserves at SBCI sites. In the present study we ex plored mean effects of reserves on spiny lobster abundance and size, we describe how these effects change with distance from reserve borders, and we controlled for habitat variability across sites in 2 ways. First, we conducted visual habitat surveys at all sites to quantify fine-scale habitat features that may influence lobster abundance. Second, we compared trap yields for legal-sized lobsters with those for sublegal adults. Sublegal adult abundance is not directly reduced by fishing outside reserves, and sublegal abundance inside is assumed to be unlinked to adult abundance via reproduction because larvae of P. interruptus have a long planktonic period and probably disperse on scales much larger than the reefs and reserves in our study (Johnson 1960 , Pringle 1986 ). Thus, our mea surements of sublegal abundance provide a novel control for spatially variable factors (i.e. habitat) that could influence the distribution of harves table adults and, therefore, bias perceived reserve effects. The result is a robust case study of P. interruptus responses to reserve protection that informs theoretical predictions regarding how reserves influence populations at varying spatial scales.
MATERIALS AND METHODS

Site description and selection
Our study was conducted at sites associated with 3 marine reserves at SBCI: Gull and Scorpion (Santa Cruz Island), and Carrington (Santa Rosa Island; Fig. 1 ). Use of the term 'network' in the marine reserve literature is often ambiguous and is seldom accompanied by a definition (but see Lubchenco et al. 2003 , Christie & White 2007 . We refer to the SBCI reserves as a network because compared with an individual protected area (even a vast hypothetical reserve with the same total area as the SBCI reserves) they act as an integrated system that provides broader biogeographic coverage (Hamilton et al. 2010) , replication for scientific study (Kay et al. 2012) , increased spatial distribution and border extent for fisheries interaction via adult spillover and larval export (Gaines et al. 2010) , greater buffer against catastrophe and protection of vulnerable species (Airamé et al. 2003) , and because of their size and spacing characteristics, the individual reserves are likely to provide effective refugia for species with short larval dispersal but be linked for species with relatively longer larval dispersal (Shanks et al. 2003) . SBCI reserves were established in 2003 and the reserves used in this study prohibit all commercial and recreational fishing within their borders. Additional characteristics of the SBCI marine reserve network (CDFG 2008) , as well as the selection process for sites used in this study, are described elsewhere (Kay et al. 2012) . Briefly, scientists and commercial lobster fishermen worked collaboratively to identify reefs located inside and outside reserves that had similar physical, ecological, oceanographic and fishery catch characteristics. Ultimately, we selected 4 trapping sites associated with the Scorpion reserve, and 5 at the larger Gull and Carrington reserves (14 total). Sites were spatially distributed near the center, immediately inside, adjacent outside and far outside of the reserve (~2−6 km away) relative to a single border of each reserve (Fig. 1) . We used GIS (ArcGIS 9.3.1, ESRI) to calculate the midpoint distance of each trapping site to the nearest reserve border.
Collaborative trapping
We deployed 10−15 replicate lobster traps at each of the sites associated with the 3 individual reserves (duplicated sites in the center of Gull and Carrington reserves received the same approximate effort as a single site; total traps = 10−15 traps × 4 trapping sites = 40−60 traps per reserve). Traps were sampled every 1−4 d (with a small number of longer periods as a result of weather or vessel mechanical problems) over a 3 mo period at each site from August to October 2006 , 2007 . Because the timing of sampling was not consistent across reserve sites, we controlled for the effects of variable soak time (number of days between sampling individual traps) and field season (2006, 2007 and 2008) in our analysis (see 'Statistical approach'). Traps used in this study were identical to those used in the fishery for Panulirus interruptus at SBCI and are described elsewhere (Kay et al. 2012) .
In each trapping area, initial deployment of traps was conducted from a commercial lobster vessel or was guided by commercial lobstermen on the fishing grounds. Individual traps were placed haphazardly in stratified reef areas that were defined prior to fieldwork and which were delineated by bathymetry, sand−rocky reef interfaces and/ or the extent of sea surface canopy formed by the giant kelp Macro cystis pyrifera. As each trap was retrieved, we re corded the depth, time, date and GPS coordinates, as well as the total number, sex and carapace length (CL; to the nearest mm using vernier calipers) of all lobsters in the trap. Additionally, movement and emigration rates of lobsters from sites inside reserves to fished areas outside reserves were studied with a tag-recapture study. Lobsters were tagged with an individually numbered T-bar tag (TBA-2 standard, Hallprint Tags) applied through a thin membrane on the ventral surface between the tail and carapace, such that the 'T' portion of the tag was anchored in muscle and would persist through molting (some tag loss occurred but was not quantified and was assumed to be equal across sites). We minimized stress to lobsters on deck by shading them with wet burlap sacks, placing them in standing seawater and returning them to the ocean as quickly as possible. After lobsters had been processed, they were re turned to the exact location of capture and released by hand at the sea surface.
Habitat surveys
We performed SCUBA surveys at each trapping site to identify and control for the potential influence of select habitat features on trap yield. During August−October 2008, we conducted 80 SCUBA transect surveys across 13 of the 14 trapping sites inside and outside of the reserves. At each site we conducted a minimum of 6 transect surveys, and transects were 45 m long × 10 m wide (450 m 2 × 6 transects per site = ≥2700 m 2 of reef surveyed at each site shown in Fig. 1) . Divers recorded the total number of dens and caves, and the extent of linear crack that could be occupied by lobsters on each transect. These 3 features were selected based upon prior analyses that identify them as critical habitat features for determining lobster abundance on reefs at our SBCI trapping sites (M. C. Kay unpubl. data).
Dens were defined as any cave-like voids in bedrock, boulders or biogenic structures (e.g. colo nies of the sandcastle worm Phragmatopoma californica) that were enclosed on all sides except for 1−3 entrances (entrances no greater in diameter than the depth of the cave-like structure), and which 1−3 legal sized lobsters (≥82.5 mm CL) could occupy and use as defensible space in the presence of predators. Caves were defined as openings whose inner diameter exceeded the diameter of the entrance and that could serve as refuge for 4 or more legal-sized lobsters. Linear crack was defined as any fissure that was deep enough to be occupied by a legal-sized lobster but lacked the walls of a den or cave, such that a potential predator could approach a lobster from any direction in a 180° arc (in 2-dimensional space) as opposed to the aperture of a den or cave entrance. A single diver (M. C. Kay) recorded these features on all transects to eliminate diver bias across sites.
Statistical approach
Our first objective was to compare trap performance (number of legal-sized lobsters [≥82.5 mm CL], the number of sublegal lobsters and the mean size of legal lobsters) inside versus outside the 3 reserves, and to simultaneously identify and control for the influence of the 3 fine-scale habitat features (dens, caves and crack). To accomplish this, we specified the following multiple regression model (Model 1):
where response variable Y represents either the number of legal-sized (≥82.5 mm) lobsters per trap, the number of sublegal lobsters per trap or the mean size of legal-sized lobsters in traps (i.e. the model was run separately for each of the 3 response variables); α is the intercept (constant) in each model; Reserve is a dummy variable for traps inside any reserve; X is a column vector of the independent variables (trap depth, number of nights traps were deployed, number of dens, number of caves, and extent ( The coefficient γ describes the influence of location relative to reserve (inside vs. outside any of the 3 reserves) on the response variables, and the coefficients in row vector β describe the influence of each independent variable (column vector X) on the number of legal-sized lobsters, number of sublegal lobsters and mean size of legal lobsters caught. The coefficients ϕ and δ account for the average differences in response variables by reserve using Gull as the basis for comparison, and ρ and ω account for the average differences in response variables by year using 2008 as the basis for comparison.
Our second objective was to test the relationship between trap performance and distances of trapping sites from reserve borders, and to simultaneously identify and control for the influence of the 3 finescale habitat features (dens, caves and crack). The distance of each trapping area from the nearest reserve border was measured from the midpoint among traps at each area. These measurements replaced the Reserve dummy variable in Model 1, such that a new model (Model 2) was specified:
where indist and outdist are distances of trapping areas inside and outside any reserve, respectively, and θ and γ describe the influence of distance from reserve borders on trap performance in those areas. All other terms in Model 2 are as described above for Model 1, such that the influence of distance from reserve borders was measured while controlling for the influence of site specific habitat features. Finally, we repeated our second objective (to test the relationship between trap performance and distances of trapping sites from reserve borders) through specification of the following model (Model 3), which allowed a nonlinear relationship between the res ponse and predictor variables:
2 and (outdist) 2 are the only new terms introduced, and the coefficients ψ and ξ estimate the extent of any nonlinearity. All other terms are as described for Model 2.
After Models 1−3 were run as described above, they were repeated with one important alteration: the number of sublegal lobsters per trap was removed as a response variable and included in each model as a predictor variable. The models were the same in all other aspects. The 2 response variables for each model were: (1) the number of legal lobsters per trap and (2) the mean size of legal lobsters per trap. Running the 3 models sequentially (i.e. excluding and then including the number of sublegals per trap as a predictor variable) was fundamental to using sublegals per trap to control for habitat heterogeneity. Specifically, using the number of sublegals per trap as a response variable in Models 1−3 allowed us to determine whether trap yield for sublegals changed with regard to trap location inside, outside or with increasing distance form reserve borders (i.e. was influenced by the Reserve, indist and outdist predictor variables). We predicted that sublegals should not be influenced by reserve protection, as they are not removed by fishing, such that any influence of the Reserve, indist and outdist predictor variables is likely an artifact of habitat heterogeneity but not reserve effects per se. For models in which the number of sublegals per trap was a response variable, we determined a priori that significant coefficient values for the Reserve, indist and outdist predictors would be interpreted to indicate that habitat was variable among sites and responsible for any statistically significant trends in sublegal abundance. This is important because habitat heterogeneity that influences sublegal abundance is likely to also influence abundance and mean size of legal lobsters. Therefore, using the number of sublegals per trap as a predictor variable in the second set of models provides a control for habitat features that may drive perceived reserve effects reported for legal lobsters.
For all models, numerical values for habitat features (caves, dens and crack) that were measured during SCUBA surveys are the averages from 6 transects at each trapping area, such that all traps within an area were associated with a common score for each habitat variable. Similarly, the distance of each area from the nearest reserve border was measured as the average distance of all traps at an individual trapping area. Because of this averaging of trap distance and habitat scores, standard errors during the analyses were clustered for the 14 areas. This accounts for the fact that some covariates vary only at the level of the trapping area. In the statistical package we used to specify our models (STATA 9; StataCorp 2005), clustering standard errors invokes White's standard errors, which are robust to heteroscedasticity (Wooldridge 2009, Chap. 8) . Statistical significance was determined at the 0.05 level. For each model we report the adjusted R 2 value (appropriate when comparing models with different numbers of parameters; Zar 1999, p. 423) as well as Akaike's information criterion (AIC; estimated using the estat ic command in STATA).
RESULTS
Model 1: Mean effects inside versus outside reserves
After controlling for all variables in our model, traps that were deployed inside reserves captured an average of 5.49 more legal lobsters per trap than those placed outside reserves but only 0.92 more sublegal lobsters per trap, and for both response variables the differences were highly statistically significant (Table 1) . These statistical results are also apparent in the raw data without controlling for any covariates ( Fig. 2A,B) . The number of legal lobsters caught was influenced by the mean density of both dens and caves at each trapping site (predictor variables Dens and Caves), such that each additional den or cave per 450 m 2 had the marginal effect of increasing trap yield by 0.22 and 0.77 legal lobsters trap −1 , respectively (Table 1) . In contrast, the extent of linear crack on transects did not influence trap yield.
Model 1 indicates that reserves increased the carapace length of legal lobsters inside versus outside reserves by an average 6.77 mm, and the difference was highly significant (Table 1) and clearly represented in the raw data (Fig. 2C) . The number of dens and extent of linear crack per 450 m 2 influenced the mean size of legal lobsters trapped, such that each additional den and meter of crack resulted in a 0.21 and 0.07 mm in crease in mean size, respectively. Mean size of legal lobsters trapped at Carrington was 2.33 mm larger than at Gull (the omitted category).
Specification of Model 1 to include the number of sublegals per trap as a predictor variable (Table 2) improved the explanatory power of the model (for response variable # legals, the adjusted R 2 increased from 0.36 to 0.51 and AIC decreased from 11714.54 to 11186.57; for response variable mean size legals, the ad justed R 2 increased from 0.20 to 0.22 and AIC decreased from 10262.37 to 10231.11), and still indicates that reserves significantly influence the number and mean size of legal lobsters per trap despite the factors that caused sublegal trap yield to be higher inside than outside reserves. The coefficient describing the effect of the Reserve predictor on the # legals response variable was slightly lower than in the original model (4.81 versus 5.49), and the difference (0.68) is similar to the coefficient value (β = 0.74) for the # sublegals predictor (Table 2) , and indicates the extent to which the Reserve predictor in the original model was attributable to factors unrelated to reserve protection. The Dens, Caves and Crack predictors remained significant as in the ori ginal specification (but with slightly different coefficient values), and # sublegals was a highly significant predictor for both response variables. Table 1 . Results of multiple linear regression models for the influence of experimental and environmental factors (predictor variables) on 3 response variables: the number of legal-sized lobsters, the number of sublegal lobsters, and the mean size of legal lobsters that were captured in traps. The response variables for each model are listed in the top row, and the predictor variables are listed in the first column. Model 1 compares trapping data at sites categorically inside versus outside reserves, whereas Models 2 and 3 estimate spatially explicit linear (Model 2) and nonlinear (Model 3) responses (see 'Materials and methods'). Values reported for each predictor variable include the coefficient, the t-statistic robust to heteroscedasticity (in parentheses), and the level at which statistical significance was detected (*p < 0.05; **p < 0.01; ***p < 0.001). AIC: Akaike's information criterion. Bold text indicates statistical significance at or beyond the 0.05 level To summarize, Model 1 controls for the statistically significant influences of fine-scale habitat features (e.g. dens), reserve site location (Gull, Scorpion or Carrington), and season (years 2006−2008) , and indicates that all 3 response variables (# legals, # sublegals and mean size) were significantly influenced by location inside versus outside reserves. Including the number of sublegals as a predictor variable in Model 1, which serves as a proxy for unobserved aspects of habitat quality, improved the explanatory power of the model.
Model 2: Influence of distance from borders (linear model)
Among trapping sites inside of marine reserves, the distance of individual sites from the nearest reserve border (predictor variable indist) strongly influenced the number of legal lobsters per trap (Table 1) , and the same trend is clearly present in the raw data (Fig. 3A) . The statistically significant coefficient for indist (θ = 2.99) indicates that 2.99 more legal lobsters per trap were captured for every kilometer moved further inside reserves. Similarly, there was a significant relationship (θ = 0.78) between distance inside borders and the number of sublegals per trap, but this statistical relationship is difficult to perceive in the raw data (Fig. 3B ). For both legal and sublegal lobsters, there was no relationship between trap yield and distance outside of reserve borders, but the number of nights that traps were deployed (Nights predictor) significantly influenced yield of both size categories ( Table 1) .
The relationship between mean size of legal lobsters in traps and the distance of trapping sites outside of reserve borders (outdist) was statistically significant, although this trend is not apparent in the raw data (Fig. 3C) . The negative coefficient value for outdist (γ = −1.53) indicates that for each kilometer moved farther outside reserves, the mean size of legal lobsters declined by 1.53 mm (Table 1 ). In contrast, there was no relationship between legal lobster mean size and distance inside reserves. As with the # legals and mean size response variables in Model 1, the number and mean size of legal lobsters in Model 2 were influenced by the number of dens observed on SCUBA transects. Specifically, for each additional den per 450 m 2 transect, the number and mean size of legal lobsters in traps increased by 0.07 lobsters trap −1 and 0.28 mm, respectively. Interestingly, each additional cave observed on transects resulted in a decreased mean size of 2.16 mm for legal lobsters in traps.
Specification of Model 2 to include # sublegals as a predictor variable (Table 2) 
Model 3: Influence of distance from borders (nonlinear model)
In the nonlinear model, neither the number of legal-sized lobsters nor the number of sublegal lobsters captured per trap was influenced by distance from borders inside or outside of reserves (Table 1) . Similarly, the mean size of legal lobsters was not influenced by distance from reserve borders at sites inside reserves. Outside reserves, however, there was a relationship between distance from reserve borders and mean size of legal lobsters (Table 1) , and coefficients for the predictors outdist and (outdist) 2 were statistically significant. This result is consistent with distance−size relationship outside reserves reported for Model 2. Additionally, there was a significant relationship between mean size and the number of dens per 450 m 2 transect, such that the addition of each den per 450 m 2 resulted in an increased mean size of 0.29 mm. As in Models 1 and 2, there was a negative relationship between cave abundance and mean size. Specification of Model 3 to include # sublegals as a predictor variable (Table 2 ) increased the predictive power of the model, but interpretation of how reserves influence response variables in the original model is largely unchanged.
DISCUSSION
Our effort to minimize and statistically control for habitat heterogeneity across sites strengthens our conclusion that trap performance in this study was indeed influenced by the non-habitat predictor variables in our models, most notably the average effect of trap location inside versus outside reserves (Model 1; Fig.  2 ), and distance from reserve borders (Models 2 and 3; Fig. 3) . Accounting for such factors represents a major challenge to marine ecologists (García-Charton & Table 2 . Results of multiple linear regression models (Models 1, 2 and 3) reported in Table 1 , but for which the number of sublegal lobsters in each trap is used as a predictor variable. The rationale is that sublegals are ecologically similar to adults, but are not directly removed through fishing and therefore provide an additional control for the effect of habitat on the number and mean size of legal lobsters in traps. Values reported for each predictor variable include the coefficient, the t-statistic robust to heteroscedasticity (in parentheses), and the level at which statistical significance was detected (*p < 0.05; **p < 0.01; ***p < 0.001). Bold text indicates statistical significance at or beyond the 0.05 level Pérez-Ruzafa 1999 , Sale et al. 2005 ) and affects stakeholder confidence in reserve science (Agardy et al. 2003 ). An important step in minimizing habitat bias was the inclusion of commercial fishermen, whose local ecological knowledge (Hartley & Robertson 2008) was essential for identifying reefs with similar physical characteristics and historical fishing production (Kay et al. 2012) . Evidence that we were successful in selecting such reefs is suggested by catch patterns among sublegal lobsters, for which variation among sites was relatively low (Fig. 3B ). Although differences in sublegal catch across sites was lower than legal catch, sublegal trap yield was higher inside reserves and increased with distance inside reserve borders. These results are most likely driven by site-specific habitat differences because sublegal lobsters are not taken in the commercial or recreational fisheries for Panulirus interruptus. (Increased habitat quality at reserve interior sites is also suggested by patterns of den abundance; Fig. 4A ). Thus, inclusion of # sublegals as a predictor variable (Table 2 ) provided a valuable additional control for habitat heterogeneity across sites. This is reflected by the increased explanatory power (i.e. higher adjusted R 2 and lower AIC) of models that include the # sublegals predictor. The reliability of sublegal adult lobster abundance as a proxy for habitat used by legal-sized adults hinges upon 2 assumptions. The first is that legals and sublegals occupy and utilize similar habitat types. This assumption is valid since we consistently observed both size classes intermingled in our traps and on the seafloor. Second, use of sublegals as a predictor would violate a fundamental assumption of regression analysis if the response variable (legal-sized adults) influenced the predictor (sublegal abundance) through mechanisms such as avoidance and/or attraction. Avoidance is unlikely because we consistently observed that both size classes intermingled. Attraction is more likely than avoidance as spiny lobsters display various degrees of social interaction and gregariousness (reviewed by Childress 2007) . Such interaction is unlikely to have driven the sublegal distributions we observed, however, because the differential distribution of sublegal and legal-sized lobsters near reserve borders (i.e. Fig. 3A vs. Fig. 3B ) existed at spatial scales encompassed by adult P. interruptus movement (Kay et al. 2008) , thereby suggesting that sublegal adults were primarily distributed according to factors other than attraction to legal-sized adults.
Comparison of models with and without the # sublegals predictor (i.e. Table 1 vs. Table 2) suggests that perceived reserve effects for models without this predictor were partially driven by factors unrelated to reserve protection. For example, in the specification of Model 1 in which # sublegals was used as a predictor, the influence of the reserves on the # legals response variable was lower than in the original model (4.81 vs. 5.49). The difference (0.68) is similar to the coefficient value for the # sublegals predictor (0.74), and indicates that 0.68−0.74 of the 5.49 more lobsters per trap indicated by the Reserve coefficient in the original model (Table 1 ) was due to factors unrelated to reserve protection. Similarly, the indist coefficient was higher (θ = 2.99) in the original Model 2 than in the specification with sublegals as a predictor (θ = 2.43), and in the latter model the # sublegals predictor was highly significant. These facts indicate that the perceived effect of distance from reserve borders reported in Table 1 was partially driven by factors that also influence the trap yield of sublegal lobsters (i.e. factors unrelated to reserve protection).
Our conclusion that variable sublegal trap yield is in fact caused by site-specific habitat differences, which in turn account for the observed influence of Reserve and indist predictors on sublegal catch, is vulnerable to 2 alternative explanations. The first is that fishing does indeed cause mortality among sublegals through interactions with fishing gear, predators or handling stress (e.g. Gooding 1985 , DiNardo et al. 2002 . This seems unlikely because traps used in the commercial fishery are equipped (by law) with escape ports for sublegal lobsters, but escape ports were absent on the traps we used in our sampling. Consequently, traps used in this study captured lobster size classes that are not (or minimally) captured by standard commercial traps (M. C. Kay unpubl. data). The second alternative is that increased biomass of adults inside reserves leads to increased reproduction and sublegal abundance. Although this is probably true for some species, it cannot be the case in our study because the reserves were younger than the time required for lobsters to increase in abundance inside reserves and produce offspring that grew to sublegal sizes that we trapped (M. C. Kay unpubl. data), and because larvae of Panulirus interruptus have a planktonic period of 8−10 mo and are probably advected far from parental sites by ocean currents (Johnson 1960 , Pringle 1986 ).
The importance of sampling for fine-scale habitat features is suggested by variation in these features among sites (Fig. 4) and the fact that dens (and to a lesser extent, caves and linear crack) significantly influenced response variables in most models (Tables 1, 2 ). At all 3 reserves (Gull, Scorpion and Carrington), sites closest to the center generally had higher den density than sites immediately inside borders (Fig. 4A) . This condition was predicted by our collaborative fishery partners, who correctly anticipated that such fine-scale habitat differences would influence trapping rates. Among reserve studies that measure or control for habitat effects, habitat is often defined in broad categories (e.g. rocky reef, sand and seagrass meadows) with some measure of topographic relief (Grigg 1994 , Stelzenmüller et al. 2007 , Forcada et al. 2009 ). Our results support previous observations that fine-scale structural features within such broader habitats (here, the number of dens within rocky reef) can modify catch or abundance (Chapman & Kramer 1999 , Harmelin-Vivien et al. 2008 ). This may be especially true for spiny lobster species that show strong affinities for specific habitat features (Eggleston & Dahlgren 2001 , Mai & Hovel 2007 . Although measurements of fine-scale habitat features are often prohibitively expensive or logistically difficult, considering this level of detail in spatial planning and assessment may improve and inform area-based management schemes. High-resolution acoustic mapping of seafloors is increasing rapidly around the world, and can greatly facilitate approaches like the one described here for assessing the relative effects of habitat variation and marine reserves. Such maps do not exist for the area we studied, but the combination of SCUBA habitat surveys and patterns of sublegal abundance provide a level of habitat control that is absent from studies that estimate effects of reserves (and, antithetically, fishing) on target species.
Several interesting relationships between catch and the distance of trapping sites from reserve borders emerge from our analyses. First, the decline in the number of lobsters trapped as one moves from the center of reserves towards borders (at sites inside reserves), and from borders further into fished areas, is indicative of net emigration of adults from reserves (spillover) as described by theory (Hilborn et al. 2006 , Moffitt et al. 2009 ) and empirical data (McClanahan & Mangi 2000 , Kaunda-Arara & Rose 2004 , Goñi et al. 2006 ). This result suggests that some degree of spillover is occurring at the SBCI reserves. Kay et al. (2012) did not detect spillover with a study design that compared trap yield and recapture of tagged lobsters at multiple sites outside reserves and mean values from sites inside reserve borders. This suggests that detection of gradients via spatially explicit sampling inside reserves might be a more sensitive measure of spillover from reserves, because emigration is not always detectable in fisheries catches outside reserves. Indeed, spillover of lobsters at SBCI appears to have much less of an impact on fishery catch and effort than in other lobster fisheries (e.g. Goñi et al. 2006 Goñi et al. , 2010 , as suggested by the nonsignificant coefficient value relating catch outside and distance from borders (Table 1 , Model 2, outdist ), and the fact that, as of 2008, lobster fishermen at SBCI do not concentrate effort at reserve borders (Kay et al. 2012) .
Another important finding from our study is that the relationship between distance of trapping sites from reserve borders (hereafter, border distance) and the number of lobsters caught per trap is relatively steep (and statistically significant) for sites inside reserves, but much less steep and not significant outside reserves (Fig. 3A, Table 1 , Model 2). This difference is noteworthy because spillover-mediated changes in catch and/or abundance across reserve borders are commonly described with single functions (linear and nonlinear) fitted to data from all sites inside and outside a given reserve (Chapman & Kramer 1999 , Kaunda-Arara & Rose 2004 , Abesamis et al. 2006 , Halpern et al. 2010 . The pattern we observed indicates that spillover-mediated catch gradients may not be accurately described by a single function; this pattern is more similar to piecewise theoretical predictions of Kellner et al. (2007) . Interestingly, Kellner et al. (2007) predicted that such differences can be caused by fishing the line, a behavior that was absent at our study sites (Kay et al. 2012) . A potential explanation is that over time, spillover alone resulted in a relatively steep abundance gradient inside reserves, but moderate annual harvest rates at SBCI (Kay et al. 2012 ) precluded the buildup of lobsters immediately outside reserves.
The catch−border distance patterns we observed provide valuable information about reserves as tools for conservation and fisheries management. From a conservation standpoint, catch−border distance patterns indicate that refuge from fishing mortality is not spatially uniform inside reserves. Rather, fishery− marine reserve interactions (i.e. spillover) at SBCI likely cause low-level fishing mortality inside reserves that is highest near borders and declines towards reserve centers. Preliminary results of a collaborative tag-recapture program at our study reserves support this conclusion. Specifically, lobsters tagged by scientists inside reserves and later recaptured by commercial fishermen during fishing operations showed an inverse relationship between the distance of sites inside reserve borders and the proportion of animals that were later captured in the fishery outside reserves (Fig. 5) . This spatially differential catch pattern supports the theoretical predictions of spillover (Hilborn et al. 2006) . Despite apparent spillover, the average effect of reserve protection was robust and resulted in increased numbers and mean size of lobsters per trap ( Fig. 2A,C , Table 1 ), even for populations near reserve borders (Fig. 3A,C) . The extent to which spillover compensates for lost revenue due to SBCI reserves is unknown and likely to be negligible at present (Guenther 2010 ) but will probably increase in the future and is an area of need for continued research (Kay et al. 2012) .
Catch−border distance patterns impact 2 specific applications of reserves as fishery management tools. First, reserves are emerging as tools for referencebased stock assessments that use protected populations as proxies for unfished conditions (Morgan et al. 2000 , Willis & Millar 2005 , Babcock & MacCall 2010 , Wilson et al. 2010 . Second, the biomass that is protected inside reserves is widely cited as a tool that buffers against stock decline or environmental stochasticity, but fishery scientists are only recently addressing the challenge of incorporating the protected biomass into stock assessments (Field et al. 2006) . To limit bias in these 2 applications of marine reserves for stock assessment, it is imperative to measure representative population structures (for refer- ence-based assessments) and the true proportion of a stock that is protected inside reserves (for assessments that include the protected portion of a stock). Finally, spatial patterns in size and abundance likely influence reproductive output of reserve populations, thereby impacting the extent of larval export to adjacent fisheries ). Here, we provide a quantitative estimate of how organism size and abundance is likely to change relative to location inside marine reserves. The success of new resource management schemes must be addressed with appropriate science and monitoring, and simply changing management tactics without adequate capacity for assessment is un likely to be a formula for success (Murray et al. 1999 , Carr & Raimondi 1999 . With regard to area-based management strategies, fundamental con siderations include spatially explicit responses of populations and fisheries. This study features an ana lytical approach for considering and controlling for 2 important spatial variables (habitat structure and distance from reserve borders) that can inform the implementation and assessment of reserves. Our spatially explicit in te gration of visual surveys and fishery relevant metrics, as well as the use of sublegal animals to control for habitat effects, are unique in the marine reserve literature. Detailed spatial measurements not only enhance assessments, but may help optimize the design of management strategies as human pressures on marine resources continue to increase globally. 
